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Neural stem cells/progenitors that give rise to neurons and glia have been identified in different regions of the brain, including the embryonic
retina and ciliary epithelium of the adult eye. Here, we first demonstrate the characterization of neural stem/progenitors in postnatal iris pigment
epithelial (IPE) cells. Pure isolated IPE cells could form spheres that contained cells expressing retinal progenitor markers in non-adherent culture.
The spheres grew by cell proliferation, as indicated by bromodeoxyuridine incorporation. When attached to laminin, the spheres forming IPE
derived cells were able to exhibit neural phenotypes, including retinal-specific neurons. When co-cultured with embryonic retinal cells, or grafted
into embryonic retina in vivo, the IPE cells could also display the phenotypes of photoreceptor neurons and Muller glia. Our results suggest that
the IPE derived cells have retinal stem/progenitor properties and neurogenic potential without gene transfer, thereby providing a novel potential
source for both basic stem cell biology and therapeutic applications for retinal diseases.
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Neural stem cells are found in all vertebrates throughout
embryogenesis; however, as more and more neurons differen-
tiate, the population of neural stem cells dwindles. It is thought
that only a few stem cells are left, in particular locations, in the
adult vertebrates.
In some cold-blooded vertebrates, the eye has a population of
retinal progenitor cells that persist throughout life, which
generates new neurons in the ciliary marginal zone (CMZ)
(Wetts et al., 1989; Raymond and Hitchcock, 1997; Perron et al.,
1998; Reh and Levine, 1998; Hitchcock et al., 2004). In warm-
blooded vertebrates, retinal histogenesis was thought to occur
during the early stages of development. However, several
potential sources of neural regeneration have been reported in0012-1606/$ - see front matter D 2005 Elsevier Inc. All rights reserved.
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identified in the ciliary body (CB) (Ahmad et al., 2000; Fischer
and Reh, 2000; Tropepe et al., 2000) and postnatal retina (Yang
et al., 2002; Engelhardt et al., 2004; Klassen et al., 2004; Zhao et
al., 2005). Mu¨ller glial cells have the capacity to produce
neurons when stimulated to proliferate following retinal injury
(Fischer and Reh, 2001; Ooto et al., 2004). Neuronal transdif-
ferentiation from the retinal pigmented epithelial (RPE) cells can
occur during the fetal or embryonic stages in birds and
mammals, but this capacity is lost during development (Reh
and Pittack, 1995; Zhao et al., 1995). Recent studies have
reported that adult mammalian RPE cells have certain neural
progenitor properties but cannot transdifferentiate into retinal
specific neurons (Amemiya et al., 2004; Engelhardt et al., 2005).
It remains unknown whether retinal stem cell properties are
related to the transdifferentiation potential of RPE cells.
The IPE has the same developmental origin as the RPE and
the retina, locating in the most peripheral region. The plasticity
of IPE cells in urodeles has been well known for a long time. In
the newt, which has a high capacity for tissue regeneration, if the89 (2006) 243 – 252
www.e
Fig. 1. Isolation of iris tissue from the eye. Nearly 0.5 mm from the ciliary
margin, IPE tissue with stoma was cut. No part of the ciliary body (CB)
contaminated the isolated iris tissue. Scale bar: 1 mm.
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functionally complete lens always regenerates from the dorsal
margin of the IPE. This phenomenon of lens regeneration is the
clearest and most representative example of transdifferentiation
that occurs naturally in vertebrate adult tissues (Wolff, 1895;
Eguchi, 1988; Tsonis and Del Rio-Tsonis, 2004).
To our knowledge, data on IPE plasticity in higher
vertebrates are limited to the results of our previous studies
on chicken eyes. We succeeded in isolating postnatal
chicken IPE and maintaining it for long periods in vitro,
and demonstrated that cultured IPE cells could transdiffer-
entiate into lens cells under permissive culture conditions
(Kosaka et al., 1998, 2004). Also, in a collaborative study,
we reported the possibility of neural induction from adult
mammalian iris tissue cells. In adult rats, whole iris tissue
derived cells (a mixture of IPE and stroma) became
immunoreactive for photoreceptor-specific antigen only with
Crx gene transfer (Haruta et al., 2001). Crx is the homeobox
gene that is specifically expressed in the photoreceptors of the
mature retina and is crucial in photoreceptor development
(Chen et al., 1997; Furukawa et al., 1997;). The same group
also reported similar effects on rat iris and CB derived cells
through the overexpression of Otx and Crx genes (Akagi et al.,
2004). These findings raised the possibility that IPE cells have
dormant cell plasticity, even in higher vertebrates. However, it
remained unknown whether pure IPE cells devoid of stroma
could display retinal/neural stem cell properties or whether they
could differentiate into retinal specific neurons without gene
transfer. In this study, we confirmed the retinal stem/progenitor
properties of pure postnatal chicken IPE cells, which were
isolated without any other cell types.
Materials and methods
Composition of media and growth factors
Dulbecco’s modified Eagle’s medium/nutrient mixture (DMEM) with 8%
fetal calf serum (FCS) and serum-free medium that contained D-MEM/F12
and N2-supplement were obtained from Invitrogen (Carlsbad, CA). FGF2ST
medium was prepared from: D-MEM/F12 medium supplemented with FGF2
(20 ng/ml) for 2-days before the FGF2 was removed. Human recombinant
EGF, FGF8, FGF9, FGF17 and FGF18 were obtained from R&D Systems,
Inc. (Minneapolis, MN). Human recombinant FGF2 and FGF8 were
obtained from PeproTech EC, Ltd. (London, UK).
Antibodies
The working dilutions and sources of the antibodies used in this study
included the following: mouse monoclonal antibody against h-tubulin III
(TuJ1; 1:500; Covance, Princeton, NJ), glial fibrillary acidic protein (GFAP;
1:400; Sigma-Aldrich, St. Louis, MO), vimentin (1:500; YIEM, Roma,
Italy), Pax6 (1:50; Development Studies Hybridoma Bank, University of
Iowa, Iowa City, IA), oligodendrocyte marker O4 (1:150; Chemicon,
Temecula, CA), PKC (1:150, Pharmingen, San Diego, CA), syntaxin
(HPC-1; 1:1000, Sigma-Aldrich), rhodopsin (RET-P1; 1:10000, Sigma-
Aldrich), iodopsin (1:1000; a gift from Dr. Shichida, Kyoto University,
Kyoto, Japan), sheep polyclonal antibody against Chx10 (1:200, Exalpha,
Watertown, MA) and rabbit polyclonal antibody against musashi (1:500,
Chemicon). The following secondary antibodies were used: goat-anti-mouse
IgG (Alexa Fluor 488, 594, 1:500, Molecular Probes, Eugene, OR), goat-
anti-mouse IgM (Alexa Fluor 488, 1:500, Molecular Probes), goat-anti-rabbit IgG (Alexa Fluor 488, 594, 1:500, Molecular Probes), donkey anti-
sheep IgG (Alexa Flour 488, 1:200, Molecular Probes).
Preparation of IPE and CB cells from chickens
White leghorn chickens (2 days after hatching) were used as the source
of IPE cells. All animal experiments were approved by the Animal
Research Committees of Okayama University Graduate School of Medicine,
Dentistry and Pharmaceutical Sciences and Riken Kobe Institute, Japan. In
order to prevent contamination of the CB tissue, an incision (nearly 0.5 mm
from the iris margin) was carefully made around the peripheral circumfer-
ence of the iris (Fig. 1). To confirm whether IPE cell growth occurred in all
parts of the iris, the tissues were divided into four different areas (the
posterior, anterior, dorsal and ventral iris) and cultured. The IPE sheets were
separated from the stroma as described previously (Kosaka et al., 1998).
Epithelial cells from CB tissue (CE) were also isolated using similar
methods.
Spherical culture of IPE and CE cells
Primary IPE and CE cells isolated from chicken eyes and dissociated
IPE cells derived from the adherent culture were incubated in a non-coated
dish in D-MEM/F12 medium supplemented with N2 supplement and growth
factors (40 ng/ml) as a rotation culture. To test the efficiencies of primary
sphere formation, cell preparations derived from three eyes were inoculated
in one dish. After 3 days, the total number of spheres was calculated by
scoring the sphere numbers in 10 randomly selected 10 Al samples of
culture medium. For the secondary sphere culture, single cells dissociated
from the primary spheres were counted and used.
Clonal growth assay
Freshly isolated and dissociated IPE cells (200 cells) were labeled
with Qdot nanocrystals (Qtracker 565 cell labeling kit, QUANTUMDOT,
Hayeard, CA) and co-cultured with unlabeled IPE cells (1000 multiples).
Whole sphere colonies were examined at many different focal planes
using a confocal laser-scanning microscope (LSM510; Carl Zeiss,
Heidelberg, Germany), and the fluorescent and Normarsky images were
compared (n = 3).
Cultured spheres that had been grown for 3 days were supplemented
with 10 AM bromodeoxyuridine (BrdU) for 2 h. BrdU labeling and
detections were performed using a 5-bromo-2V-unidine labeling and
detection kit I (Roche Diagnostics, Basel, Switzerland).
Neural induction of IPE derived spheres
To induce neuronal differentiation, spheres that had been cultured for
between 3 and 7 days were plated onto laminin- or collagen-coated dishes
at a low density (3–5 spheres/cm2) in FGF2ST medium and cultured for 2
weeks.
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Adherent cultured IPE cells were pretreated with FGF2 for 4 days and
then labeled with DiI (Vybranti CM-DiI cell labeling solution, Molecular
Probes). Preparation of the retinospheroids was performed according to the
method previously reported (Rothermel et al., 1997).
Retinal cells (4  105 per dish) and IPE cells (4  104 per dish) in 1.5
ml of aggregation medium (D-MEM with 8% fetal calf serum and 2%
chicken serum) were kept in isolation from the RPE monolayer by a fitting
insert (Transwell culture dish, Corning. Acton, MA). The dishes were
incubated on a gyratory shaker in a CO2 incubator and the medium was
replaced every 2 days. After 12 days culture, the retinospheriods (n = 15)Fig. 2. Sphere formation in IPE cells. Single IPE cells (A) were cultured with N2-s
Sphere formation without FGF2 treatment for 3 days (D). A 2-h pulse of BrdU labe
were counted at 3-days of culture with/without different growth factors. Error bars re
labeled IPE cells were co-cultured with IPE cells (1000 multiples), the Qdot-labele
microscopy of the spheres (I). The confocal plane (S1) is shown in panel J. Scalewere collected randomly from three separate experiments for immunohis-
tochemical analysis.
For the grafting of IPE cells into an embryonic eye, the DiI-labeled IPE cells
(4  104 per eye) were injected into the vitreous body or subretinal space of 5-
day-old chicken embryos. After 2 weeks of grafting, the eyeballs were fixed with
4% paraformaldehyde (PFA) in phosphate-buffered saline (PBS).
Immunohistochemical and immunocyto-chemical staining
Cultured cells, retinospheriods, eyeballs and IPE derived spheres were fixed
in 4% PFA. The cells or cryo-sections were blocked with 10% goat serum
(Cedarlane, Hornby, Ontario, Canada) in PBSwith 0.1% triton (PBS-T) for 1 h atupplemented medium in the presence of FGF2 for 3 days (B) or 2 weeks (C).
led some of the cells in the spheres (E). The numbers of spheres from one eye
present the mean T standard error of the mean (SEM; n = 10) (F). When Qdot-
d spheres were detected at 3 days of culture (G, H). Confocal laser scanning
bar: 50 Am.
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carried out in PBS containing 1% goat serum overnight at 4-C or for 1 h at room
temperature. For negative controls, the primary antibody was omitted. Nuclear
staining was performed with 4V6-diamidin-2-phenylindol-dihydrochloride
(DAPI; 1:1000, Sigma-Aldrich). Positive controls with Chx10 and musashi
staining comprised the retina of 21-day-old chicken embryo and the brain of
embryonic 3-day-old chicken.
RT-PCR analysis for retinal marker gene expressions
Total RNA was isolated using an RNeasy mini kit (Qiagen, Valencia, CA).
Reverse transcription was performed with SuperScriptiII Reverse Transcrip-
tase (Invitrogen) and random primers (Takara Bio Inc., Shiga, Japan). The
following primers were used: vimentin (Escano et al., 2000); Pax6 (Reza et al.,
2002); h-actin (GenBank accession number L08165) (forward 5V-CTG TGT
TCC CAT CTATCG TG-3V; reverse 5V-CGA AAT CCA GTG CGA CGT AG-
3V; 584 base pairs (bp), 55-C, 35 cycles) and Wnt2b (GenBank accession
number NM_204336; forward 5V-TGA ACA AGC AGA GGC AG-3V, reverse
5V-TTC ACA GCC ATC CTA CC-3V; 453 bp, 52-C, 35 cycles). The sequence
of each amplified fragment was confirmed using dye-terminator DNA
sequencing. The sequences were consistent with the Genbank database.
Results
Stem cell properties in IPE cells
To test the stem cell properties of IPE cells, primary IPE cells
isolated from 2-day-old chickens were dissociated into single
cells (Fig. 2A), and then cultured in serum-free medium
supplemented with FGF2 and/or EGF on a gyratory shaker.
After 3 days, the IPE cells were viable and formed neurosphere-
like structures (Fig. 2B). The IPE derived spheres grew in size
and gradually lost their melanin (Fig. 2C). By contrast, CE de-
rived spheres were also obtained and, unlike the IPE derived
spheres, were not easy to isolate without loss because of the
tissue structure (data not shown). IPE cells obtained from dif-
ferent areas of the iris (the posterior, anterior, dorsal and ventral
regions) showed sphere formation in the presence of FGF2 (data
not shown).
We observed up to 3000 IPE derived spheres (about 5% of
the total isolated cells) per eye in the presence of FGF2 and/orFig. 3. Expression of retinal progenitor markers in spheres. The IPE cells were cultur
antibody to Pax6 (A), vimentin (B), Chx10 and musashi (C), tubulin (D) and GFAP
panel H. The positive controls of Chx10, Musashi are shown in panels F and G, reEGF. Among the other growth factors of the FGF family,
FGF8, FGF9, FGF17 and FGF18, all promoted sphere
formation (Fig 2F). The numbers of spheres obtained with
each growth factor did not alter considerably, raising the
possibility that a certain subpopulation of IPE cells was able to
form spheres. Even in the absence of growth factors, IPE cells
could form spheres, although the cell numbers were reduced
and they retained melanin (Figs. 2D and F). These observations
indicate that primary IPE cells can form spheres without
additional growth factors, although growth factors such as
FGF2 greatly promote the depigmentation and proliferation of
IPE cells in the spherical culture. The detection of BrdU-
positive cells revealed that the increase in sphere size was due
to proliferation (Fig. 2E).
To test whether the IPE cell derived spheres were formed
by clonal proliferation, Qdot-labeled single IPE cells were co-
cultured with an excess of non-labeled IPE cells with FGF2.
After 3 days, separate Qdot-labeled and non-labeled spheres
were observed with no evidence of cell mixing (Figs. 2G and
H). Confocal laser scanning microscopy confirmed that all of
the cells in the spheres were labeled with Qdot, which
indicated that the spheres were not derived by cell aggrega-
tion but arose clonally. Images in a focal plane are shown in
Figs. 2I and J.
Dissociated cells from the primary spheres readily reformed
spheres with similar growth kinetics to those of the primary
spheres. Following culture, however, cell proliferation and
sphere formation slowed and eventually ceased (Figs. 5A and
E). Thus, the IPE cells within the spheres had limited self-
renewal potency, similar to that reported in CB (Zhao et al.,
2005; Engelhardt et al., 2005).
Expression of retinal progenitor markers in IPE derived
spheres
To ascertain whether IPE derived spheres contained retinal
progenitor cells, the expression of marker proteins in 10-day-ed with N2 and FGF2 for 10-days. The sections of the spheres were labeled with
(E). The mRNA levels of retinal progenitor markers in the spheres are shown in
spectively. Nuclei in cells stained with DAPI. Scale bar: 50 Am.
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immunohistochemical analysis (Fig. 3).
Immunostaining data showed that the cells in the spheres
were positive for the Pax6 and vimentin proteins (Figs. 3A and
B), which are known to be retinal progenitor marker proteins
(Marquardt et al., 2001; Chu et al., 2001), whereas Chx-10 and
musashi were not detected (Fig. 3C). These results were similar
to previous data concerning CB derived spheres (Ahmad et al.,
2004; Das et al., 2005). The results of RT-PCR confirmed that
the spheres expressed Pax6, vimentin and Wnt2b, which is
responsible for the maintenance of progenitor cells in the
marginal retina (Nakagawa et al., 2003; Kubo et al., 2003) (Fig.
3H). Pan-neural differentiation markers, TuJ and GFAP, were
not detected (Figs. 3D and E), suggesting that the IPE derived
spheres contained no differentiated neuron or glia.
Differentiation potential of IPE derived spheres
Previously, we reported that primary IPE cells could be
stably maintained and could proliferate on collagen-coated
dishes (Kosaka et al., 1998). In the current study, we plated
IPE derived spheres onto collagen-coated dishes in FGF2ST
medium. The cell derived spheres proliferated, showed
epithelial morphology (Fig. 4A) and, after 7 days of culture,
almost all of the cells kept melanin again (Fig. 4B). Thus, theFig. 4. Retinal neuronal differentiation of the IPE derived spheres. Spheres were plate
Panels A and C show the cells at 2-days of culture, while panels B and D show the ce
FGF2ST medium for 2 weeks were labeled with TuJ1 (E), GFAP (F) and O4 (G). So
and HPC-1 (K). Nuclei in cells stained with DAPI. Scale bar: 50 Am.sphere-formed cells could be stably maintained as epithelial
cells on collagen. For induction of neuronal differentiation, the
IPE derived spheres were plated onto laminin-coated dishes in
FGF2ST medium (Fig. 4C). The cells from the spheres lost
their pigmentation and extended thin cell processes similar to
neurons (Fig. 4D). After 2 weeks of cultivation on laminin,
TuJ1-, GFAP- and O4-positive cells were readily detected in
culture obtained from single spheres (Figs. 4E–G), while
almost none were detected on collagen-coated dishes (TuJ1: 1/
759; GFAP: 0/759; O4: 0/759). We further detected retinal
specific neuronal markers, such as rhodopsin (rod photore-
ceptor) (Fig. 4H), iodopsin (cone photoreceptor) (Fig. 4I),
PKC (bipolar cell) (Fig. 4J) and HPC-1 (amacrine cell) (Fig.
4K), in spheres cultured on laminin.
This is the first evidence that IPE cells display retinal stem/
progenitor cell properties and have the potentials to generate
retinal-specific neurons in vitro. Furthermore, IPE derived
stem/progenitor cells can maintain the epithelial phenotype
stably with collagen substrate until stimulated.
Expansion of IPE derived stem/progenitor cells
As the cells in the IPE derived spheres had limited self-
renewal potency (Figs. 5A and E), it was difficult to obtain
sufficient IPE derived stem/progenitor cells using the sphericald on collagen-coated (A, B) or laminin-coated (C, D) dishes with N2 and FGF2.
lls at 7-days culture. Sphere derived cells cultured on laminin-coated dishes with
me sphere derived cells were labeled with rhodopsin (H), iodopsin (I), PKC (J)
Fig. 5. Expansion of IPE derived stem/progenitor cells. IPE derived cell proliferation kinetics in adherent or sphere cultures is shown in panel A. IPE derived cells
from passage number 3 incubated with (C) or without (B) FGF2 for 2 days on adherent culture and seeded in a sphere-formation assay (D). Expansion of IPE derived
cells by passaging in each culture (E). The graph shows error bars T SEM (n = 3).
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showed that IPE cells expanded with a much higher and
exponential growth rate (Kosaka et al., 1998). The total number
of cells obtained from the adherent culture was much higher
than that from the sphere culture (Fig. 5A). To test whether the
expanded IPE cells still retained stem/progenitor potency, we
performed a neurosphere assay using the proliferated IPE cells
in adherent culture with FGF2 treatment. After 2-days with
(Fig. 5C) or without (Fig. 5B) FGF2 pretreatment, the
dissociated cells (2  105 cells) from each culture were used
for the spherical assay. FGF2 pretreatment resulted in a three-
fold increase in the number of spheres compared with the
controls (Fig. 5D).
The number of IPE derived stem/progenitor cells signifi-
cantly increased on adherent culture compared with the
spherical culture (by approximately 360-fold after five pas-
sages; Fig. 5E). We confirmed that the cells from each passage
could form spheres (data not shown). These results suggestedthat the stem/progenitor potency of the IPE cells could be
maintained in the adherent culture and that FGF2 enabled the
expansion of the IPE derived stem/progenitor cells. Thus,
adherent culture of IPE cells might provide a much-needed
source for cell transplantation compared with spherical culture.
IPE cells co-cultured with embryonic retinal progenitor cells
To investigate whether IPE derived cells could participate in
retinogenesis and differentiate into retinal neurons, dissociated
IPE cells from the FGF2-pretreated adherent culture were co-
cultured with embryonic retinal cells using the retinospheroid
method (Rothermel et al., 1997). Co-cultured IPE cells
participated in the formation of spheroids and localized in
every layer of the retinospheriods (n = 15; Figs. 6A and B).
DiI-labeled somata containing the rod photoreceptor specific
marker were found only in the outer nuclear layer (ONL; Figs.
6C and E) and those with the Mu¨ller cell marker were localized
Fig. 6. Co-culture with retinal embryonic stem cells for 2 weeks. In the spheroid
culture, DiI-labeled IPE derived cells existed in every layer of the spheroids (A,
B). Some DiI positive cells were labeled with antibodies to rhodopsin (C) or
vimentin (D). (E, F) Higher magnification views of panels C and D, respectively.
When DiI-labeled IPE cells were grafted into the subretinal space for 2 weeks,
almost all of the DiI-labeled IPE cells in the subretinal space were positive for
rhodopsin (G, H). Scale bar: 50 Am.Nuclei in cells stainedwith DAPI. INL, inner
nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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normal lamina-specific distribution of these respective cell
types. Approximately 50% of the DiI-labeled cells in the INL
were positive for vimentin, while about 30% of the DiI-labeled
cells in the ONL were positive for rhodopsin. These results
suggest that the IPE derived cells could respond to lamina-
specific cues for differentiation, integration and normal retinal
regeneration similar to retinal embryonic progenitor cells
(Rothermel et al., 1997).
Grafted IPE cells expressed retinal neuronal markers in vivo
In order to investigate whether the IPE derived cells could
convert into retinal neurons in vivo, expanded IPE cells labeled
with the DiI were injected into the subretinal space or vitreous
body of embryonic chicken (E5) eyes. Two weeks after grafting
into the vitreous body, the DiI-labeled IPE cells were
incorporated into the host retina in 27% of the grafted eyes
(six of 22). A small number of the grafted cells moved from the
layer of ganglion cells (GCL) through the INL in the normal
retina. These cells were round without processes and showed
no immunoreactivity for TuJ or GFAP (data not shown). It was
indicated that the grafted IPE cells into vitreous body did not
differentiate into neuronal cells in our experiments.
When grafted into the space between the RPE and the
photoreceptor layer, the DiI-labeled IPE cells were localizedand survived in the subretinal space (n = 2; Fig. 6G). Due to
injection injury, retinal detachment partially occurred and
almost all of the DiI-labeled cells localized in the region were
positive for rhodopsin (Fig. 6H), while a small number of DiI-
labeled cells observed in other regions, such as INL, were
negative for rhodopsin (data not shown). In the grafted IPE cells
and the adjacent host retinal cells, rhodopsin-reactivity was
observed in the cell body (Fig. 6H). Rhodopsin (RET-P1)
specifically labels the cell bodies, and the outer and inner
segments of the rod photoreceptors in mature photoreceptors
(Barnstable, 1980). This result suggests that the IPE derived
photoreceptor phenotypes remained immature under these
conditions. Most of the cells with both DiI and rhodopsin
reactivity were found in the subretinal space, which suggests
that the expression of rhodopsin in the IPE cells was not caused
by fusion with the host cells.
Discussion
In the current study, we first provided evidence that IPE
cells isolated from postnatal chickens displayed several
properties reminiscent of retinal stem/progenitor cells, similar
to mammalian retinal stem cells in the pigmented ciliary
margin or PCM (Tropepe et al., 2000; Ahmad et al., 2000).
However, we found significant differences between the IPE
cells and the already known retinal stem cells. Firstly, previous
reports showed that IPE cells were able to transdifferentiate
into another lineage, lens cells, both in vivo (Wolff, 1895;
Eguchi, 1988; Tsonis and Del Rio-Tsonis, 2004) and in vitro
(Kosaka et al., 1998). Secondly, O4-positive oligodendrocyte-
like phenotypes were induced from the IPE cells but not from
the PCM or the retina derived cells (Tropepe et al., 2000;
Ahmad et al., 2000; Zhao et al., 2005). Thirdly, IPE derived
stem/progenitor cells could revert to the pigmented epithelial
phenotype in adherent culture on collagen-coated dishes. These
results suggested that the IPE might retain a broader
differentiation potential than the PCM and could represent an
evolutionarily homologous region related to the most periph-
eral part of the CMZ containing undifferentiated stem cells in
some cold-blooded animals.
However, there were some differences between IPE derived
stem/progenitor cells and neural stem cells isolated from the
brain. Neural stem cells from the adult rodent hippocampus,
when transplanted into the retina, acquired the morphology of
retinal neurons but failed to express a retinal neuron marker
(Takahashi et al., 1998). In addition, Crx gene transfer induced
the specific antigen for rod photoreceptors in iris derived cells
but not in neural stem cells (Haruta et al., 2001). As regards
cell proliferation activities, IPE derived stem/progenitor cells
have limited potential to proliferate in non-adherent culture,
unlike neural stem cells, as reported in the CB and retinal stem/
progenitor cells (Zhao et al., 2005; Engelhardt et al., 2005).
FGF2 stimulated the proliferation and de-pigmentation of
IPE cells in cultures of both adherent and spherical conditions.
The presence of FGF2 appears to be closely related with de-
pigmentation of IPE cells (Figs. 2 and 5). Also, we showed the
expansion of IPE derived stem/progenitor cells using adherent
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spherical culture (Fig. 5). The differences in the results for
the monolayer and spherical culture remain unclear, but the
presence of a collagen substrate might be effective for the
stable proliferation of IPE derived stem/progenitor cells. In
fact, the differentiation of IPE cells into the lens or neurons was
not induced in the culture on collagen (Fig. 4, Kosaka et al.,
1998), suggesting that collagen substrate might mediate the
preservation of stem/progenitor cell properties from the IPE by
preventing differentiation into other cell types. However, the
proliferated IPE cells in monolayer culture could form neuro-
spheres, and displayed retinal neuronal and glial phenotypes
under the retinogenesis process (Fig. 6). A remarkable clinical
advantage of using the IPE is that iris tissues can be easily and
safety obtained through iridectomy, unlike the PCM or the
retina. Together with the data gathered from the current study,
these findings raise a possibility that the multipotent IPE
derived stem/progenitor cells provide a potential source for
autologous transplantation.
In a recent report regarding the characterization of human
retinal stem cells (Coles et al., 2004), the authors suggested
that the iris contained sphere-forming cells that could give
rise to spheres; these spheres arose from the posterior half of
the iris and proliferated only in the presence of exogenous
growth factors. The authors also stated that iris spheres were
unable to form secondary spheres and found no evidence of
the neuronal differentiation of iris derived cells. By contrast,
our current data confirmed sphere formation in both the
presence and absence of exogenous growth factors (Fig. 2),
and demonstrated sphere formation from the posterior and
anterior halves, and the dorsal and ventral halves, of the
chicken IPE in the presence of FGF2 (data not shown). The
chicken IPE derived spheres were able to form secondary
spheres and displayed retinal neuronal differentiation (Figs. 4
and 5). The discrepancy between these findings could be due
to differences in the species, animal ages or cell-isolation
methods used in the two studies.
A previous report showed that the adult rat iris or ciliary
derived cells did not differentiate into retinal-specific neurons
without gene transfer (Haruta et al., 2001). Whole iris cells
were used in the previous report, while dissociated pure IPE
cells separated from stromal cells were used in the presentTable 1
Characteristics of the IPE cells under different conditions
Condition Melanin synthesis Cell type
In vitro
Sphere/FGF2 () + ND
Sphere/FGF2 (+)  Retinal stem/pr
Sphere Y on collagen + Epithelia
Sphere Y on laminin  Neuron and gli
Retinal neuron
Retinospheroid  Photoreceptor a
In vivo
TP into subretinal space  Photoreceptor
TP: transplantation, ND: not determined.study. There is a tight adhesion of the epithelium to the stroma
in iris tissue. The disruption of cell–cell contact and cell–
substratum (such as collagen) interactions might be important
for IPE cell plasticity. Further investigations using mammalian
IPE cells will be needed before possible therapeutic applica-
tions can be considered.
The results from the retinospheroid culture suggested that
IPE derived cells could respond to lamina-specific cues for
differentiation and integration into the retina. However, low
numbers of the grafted IPE cells were incorporated into the
normal embryonic host retina in the current study. One possible
reason for the reduced numbers of IPE cells is that the number
of grafted cells or the period of 2 weeks was not sufficient for
the grafted cells to integrate and differentiate. As the sources
for grafting, we here used IPE derived cells expanded by
adherent culture in the presence of FGF2. Selected preculture
of retinal stem/progenitors by sphere formation might lead to
high efficiency of transplantation. A second possible explana-
tion is that transplantation occurred on injured retinas and so
retinal degeneration might be required for grafted cell
differentiation; our preliminary results support this possibility
(Figs. 6G and H) and similar results were reported using brain
derived neural stem cells (Nishida et al., 2000; Takahashi et al.,
1998). A third possibility is that some extrinsic factors are
necessary for incorporation and development into mature
retinal neurons. For clinical application, further transplantation
experiments using IPE cells will be needed in animal hosts with
retinal degeneration phenotypes.
Another basic advantage of IPE analysis is the fact that the
two (outer and inner) pigmented layers of epithelium can be
easily isolated without any contamination by other type cells
(Kosaka et al., 1998; methods). Our results suggest that the IPE
cells could form neurospheres at a steady rate regardless of
additive growth factors (Fig. 2F). We recently found that about
20% of freshly isolated chick IPE cells expressed the Pax6
protein (unpublished data). The homeobox gene Pax6 is
expressed in retinal stem cells of the CMZ in Xenopus (Perron
et al., 1998), fish (Hitchcock et al., 1996) and chickens (Fischer
and Reh, 2000). These facts strongly suggest the existence of
cellular heterogeneity and imply that a small subpopulation
retains stem/progenitor properties in the intact IPE tissue,
which had been thought to contain homogeneous epithelialMarker Citation
ND Fig. 2
ogenitor Pax6, Vimentin, Wnt2b Fig. 3
ND Fig. 4
a TuJ, GFAP, O4 Fig. 4
Rhodopsin, lodopsin, PKC, HPC-1
nd Mu¨ller Rhodopsin, Vimentin Fig. 6
Rhodopsin Fig. 6
G. Sun et al. / Developmental Biology 289 (2006) 243–252 251cells. It will be of great importance to unravel the relationship
between IPE heterogeneity and stem/progenitor properties to
ensure a better understanding of the plasticity in somatic tissue
stem cells.
Based on the results of our studies, dissociated IPE cells can
efficiently proliferate as neural stem/progenitor cells, and show
remarkable plasticity to generate multiple cell types, including
retinal-specific neurons and glia, as well as the lens, under
appropriate conditions (Table 1). The IPE system will provide a
novel useful opportunity for analysis in tissue stem cell
biology.
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